Chronic stress is a risk factor for the development of many psychopathological conditions in humans, including major depression and anxiety disorders. There is a high degree of comorbidity of depression and anxiety. Moreover, cognitive impairments associated with frontal lobe dysfunction, including deficits in cognitive set-shifting and behavioral flexibility, are increasingly recognized as major components of depression, anxiety disorders, and other stress-related psychiatric illnesses. To begin to understand the neurobiological mechanisms underlying the cognitive and emotional consequences of chronic stress, it is necessary to employ an animal model that exhibits similar effects. In the present study, a rat model of chronic unpredictable stress (CUS) consistently induced a cognitive impairment in extradimensional set shifting capability in an attentional set shifting test, suggesting an alteration in function of the medial prefrontal cortex. CUS also increased anxiety-like behavior on the elevated plus-maze. Further, chronic treatment both with the selective norepinephrine reuptake blocker, desipramine (7.5 mg/kg/day), and the selective serotonin reuptake blocker, escitalopram (10 mg/kg/ day), beginning 1 week before CUS treatment and continuing through the behavioral testing period, prevented the CUS-induced deficit in extradimensional set-shifting. Chronic desipramine treatment also prevented the CUS-induced increase in anxiety-like behavioral reactivity on the plus-maze, but escitalopram was less effective on this measure. Thus, CUS induced both cognitive and emotional disturbances that are similar to components of major depression and anxiety disorders. These effects were prevented by chronic treatment with antidepressant drugs, consistent also with clinical evidence that relapse of depressive episodes can be prevented by antidepressant drug treatment.
INTRODUCTION
Chronic exposure to stressful life events is an established risk factor for the development of many psychological conditions in humans, including major depression (Kendler et al, 1998 (Kendler et al, , 1999 . Further, it is becoming increasingly clear that cognitive and emotional biases play an important role in the development and maintenance of depression, especially in response to stress (Anisman and Matheson, 2005; Beck, 1976; Coles and Heimberg, 2002; Mathews and Mackintosh, 1998) . Based on clinical neuropsychological studies, cognitive impairments associated with frontal lobe executive function (ie cognitive set-shifting, behavioral flexibility, and perseveration) have been identified in depression and anxiety disorders (Anisman and Matheson, 2005; Fossati et al, 1999; Murphy et al, 1999) . Depressed patients show altered responses on verbal fluency and attentional set-shifting tasks (Austin et al, 2001; Beats et al, 1996; Purcell et al, 1997) , as well as diminished motivation and impaired extradimensional set shifting (Miller and Lewis, 1977; Murphy et al, 1999) . Consistent with such neuropsychological findings, imaging studies have shown hypoactive function of prefrontal cortex in depression (Rogers et al, 2004; Sheline, 2003) , which was improved upon treatment with antidepressant drugs, such as paroxetine (Kennedy et al, 2001; Prasko et al, 2004) .
There is a high degree of comorbidity of depression and anxiety disorders, with symptomatology reflecting affective, somatic and cognitive dysregulation associated with both depression and anxiety (Mineka et al, 1998; Morilak and Frazer, 2004) . However, although many pre-clinical studies attempting to model aspects of depression have focused on behaviors thought to represent anhedonia, reduced locomotor activity or behavioral despair (eg, Lu et al, 2006; Rygula et al, 2005; Willner, 1997; Willner and Mitchell, 2002) , relatively few have attempted to model cognitive impairments or state anxiety associated with depression.
Unpredictable stressors have greater negative impact in humans than predictable ones, perhaps due to temporal uncertainty and inability to anticipate the event (see Anisman and Matheson, 2005; Willner and Mitchell, 2002) . Thus, in the first experiment of the present study, both cognitive dysregulation and anxiety-like behavioral alterations induced by the chronic unpredictable stress (CUS) model of depression were assessed. We determined whether 2 weeks of CUS would induce cognitive deficits in the performance of adult male Sprague-Dawley rats on an attentional set shifting test (AST), or increase anxiety-like behavioral reactivity tested on the elevated-plus maze (EPM).
Attentional set-shifting reflects an ability to 'unlearn' an established contingency in order to learn a new one by shifting attention from a salient stimulus dimension to one that was previously irrelevant. This has been shown to be mediated by the medial prefrontal cortex (mPFC) in rats (Birrell and Brown, 2000) . In humans, the Wisconsin Card Sorting Test (WCST) has been used to assess strategyswitching deficits in patients with frontal lobe damage, depression, and other neuropsychiatric conditions thought to involve the prefrontal cortex (Merriam et al, 1999; Stuss et al, 2000; Tollefson, 1996) . To address more specifically the different components of behavioral flexibility assessed in the WCST, Roberts et al (1992) developed a visual discrimination task to investigate attentional set formation in both humans and primates. Birrell and Brown (2000) subsequently developed a similar test to assess attentional set shifting performance in rats. In this test, rats are trained to dig for a food reward in small pots containing distinctive digging media and marked with different odors. The rats must learn which of these stimulus dimensions (odor or digging medium) is salient in signaling the food reward. After learning a given contingency, the rules are changed as in the WCST, and the rats must unlearn the previous contingency to learn a new one. In this way, the rats are tested on a series of increasingly difficult tasks including stimulus reversals, and intra-and extra-dimensional (ED) set shifts. Using this test, lesions of rat mPFC were shown to interfere specifically with ED set shifting capability, reflecting an inability to attend to a previously irrelevant stimulus dimension and ignore the previously salient dimension that is no longer informative (Birrell and Brown, 2000) .
The second experiment then tested whether any cognitive and/or anxiety-like behavioral alterations induced by CUS were sensitive to chronic treatment with antidepressant drugs of two different classes, a selective NE reuptake inhibitor (NRI), desipramine (DMI), or a selective serotonin reuptake inhibitor, escitalopram (SCIT). Portions of this work have been presented in abstract form (Bondi et al, 2006) .
MATERIALS AND METHODS

Animals
A total of 85 adult male Sprague-Dawley rats (Harlan, Indianapolis, IN, USA), weighing 200-250 g upon arrival, were initially housed in groups of three in 25 Â 45 Â 15 cm plastic cages, and maintained on a 12/12 h light/dark cycle (lights on at 0700 h), with food and water available ad libitum. They were allowed to acclimate to the housing facility for at least 4 days before use in any experimental or surgical procedures. In addition, for the social defeat procedure, two male Long-Evans rats (Harlan, Indianapolis, IN, USA), that weighed 400-450 g were used as resident attackers. These rats were each paired with an ovariectomized female and housed in a separate room in large cages (80 Â 55 Â 40 cm), on the same light-dark cycle. All experiments were carried out during the light portion of the cycle, between 0800 and 1700 h. All procedures were conducted according to NIH guidelines for the care and use of laboratory animals, and were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio. All efforts were made to minimize animal pain, suffering or discomfort, and to minimize the number of rats used.
Experiment 1: Effect of Chronic Unpredictable Stress on Attentional Set-Shifting and Anxiety-Like Behavior on the Elevated Plus-Maze A group of 34 rats were randomly assigned to either the CUS group or unstressed control group (n ¼ 17/group) to assess the effects of chronic stress on attentional set-shifting performance and on state anxiety in the elevated plus-maze test. Animals were weighed every 3 days during the stress and testing procedures. In this experiment and in experiment 2, investigators conducting the behavioral tests were blind to the treatment conditions of the animals.
Chronic Unpredictable Stress Procedure
The CUS procedure is a modification of published procedures (Katz et al, 1981; Lu et al, 2006; Willner et al, 1987) . One day before beginning the chronic unpredictable stress, rats were housed individually, and the CUS procedure was then applied for 14 consecutive days, as outlined in Table 1 . This paradigm was devised to maximize unpredictability, in that the stressors were applied in seemingly random order and at varying times during the light phase (0800-1700 h). All procedures were carried out in isolated rooms adjacent to the housing room, requiring minimal handling or transport of the rats. After each stressor, animals were kept in a recovery room for 1-2 h, following which they were placed in clean cages with fresh bedding and returned to the housing facility. Control rats were individually housed for the same period of time, and were handled daily for 30 s in the housing room, but were not stressed.
Specific details of the CUS procedure are as follows: for 30-min restraint, rats were placed in a restraining device made of Plexiglas and flexible nylon, which was closed using two Velcro strips, thus restricting movement but allowing free respiration and air circulation. The shaking-crowding procedure was carried out by placing six rats in a cardboard box atop a lab shaker set to produce 220 back-and-forth movements (approximately 2-inch sideways deflection) per min. The resident-intruder social defeat was performed as described previously (Nikulina et al, 2005; Ruis et al, 1999) . The 'intruder' Sprague-Dawley test rat was transported to the Long-Evans residents' housing room. The ovariectomized female was removed from the resident cage immediately before introducing the intruder. Within approximately 2-5 min, the intruder was attacked and defeated, indicated by fleeing, freezing, and submissive behavior. When full submissive posture occurred, as indicated by the intruder lying motionless on its back for 4 s, it was separated from the resident, protected from further attacks by placing it within a small wire mesh cage (30 Â 15 Â 15 cm), and kept in the resident cage for the remainder of the 45 min session. This allowed for continuing auditory, olfactory, and visual contact between the two rats. The defeated rat was then removed and returned to its home cage and the Long-Evans female returned to the resident cage. Warm swim and cold swim were accomplished by placing the rat in a cylindrical tank (60 cm height Â 30 cm diameter) filled with water to a 30 cm depth at 25 or 181C, respectively. High-density housing was 6 rats per cage for 24 h. Electric footshock consisted of 1.5 mA scrambled shock delivered through the grid floor of a chamber enclosed within a skinner box (30 s on, 150 s off, for 15 min) except on the last day of the CUS procedure, during which the shock was applied 5 s on, 175 s off, for 15 min (Table 1) . Finally, tail pinch involved placing the rat in the previously described restraining device, and applying a clothespin 1 cm from the base of the tail for 10 min.
Attentional Set-Shifting Protocol
Procedures for the attentional set-shifting test were as described previously (Lapiz and Morilak, 2006) , adapted from Birrell and Brown (2000) . On day 10 of the CUS procedure, ie, 1 week before testing, both CUS rats and their unstressed control counterparts were placed on a restricted diet of 14-15 g of food (four pellets) per day, qwith water still freely available. The testing apparatus was a custombuilt white rectangular wooden arena (45 Â 71 Â 22 cm), painted white on all surfaces. A removable white divider separated one-third of the length of the arena from the rest, forming a start box, which also served as a holding area following each trial, allowing the experimenter to clean the arena and change pots. To begin each trial, a rat was placed in the start box, and given access to the rest of the arena by lifting the divider. A white Plexiglas panel divided the opposite third of the arena into two sections. At testing, one digging bowl was placed in each section. The separation enabled the experimenter to quickly remove the rat following a response, preventing it from moving to the other bowl. The digging bowls consisted of small terracotta pots (internal rim diameter 7 cm; depth 6 cm). Each pot was defined by a pair of cues along two stimulus dimensions, namely the digging medium with which the pot was filled and an odor (see Table 2 ). To mark each pot with a distinct odor, 20 ml of scented aromatic oil (Frontier Natural Brands, Boulder, CO, USA) were applied initially to the inner rim, and then 2 ml were reapplied twice a week to maintain a consistent odor. A different pot was used for each combination of digging medium and odor, and only one odor was ever applied to a given pot. The bait, which was placed in the bottom of the 'positive' pot and buried with the digging medium, was a 1/4 Honey Nut Cheerio (General Mills Cereals, Minneapolis, MN, USA). In all discrimination trials, a small quantity of powdered Cheerio was sprinkled onto the digging media to eliminate the possibility that the rat may locate the reward by smell rather than by learning the discrimination.
Digging was defined as a vigorous displacement of the medium to retrieve the reward buried within the pot. Simply investigating the rim of the pot or the surface of the digging medium with paws or snout without displacing material was not scored as a 'dig', and the trial continued until a 'dig' response was executed. Thus, rats were able to access tactile, visual and olfactory characteristics of the pots to make their choices based on these stimulus dimensions. Food restriction was continued for 7 days through the day of testing. Beginning after 4 days of food restriction, the behavioral procedure was conducted over three days for each rat as follows:
Day 1: Habituation Day
The rats were first trained to dig reliably for food reward in the pots. Two unscented pots were placed in their home cage and rebaited every 5 min, with the cheerio covered with increasing amounts of sawdust (three times with no sawdust, three times with the pots one-third full of sawdust, three times with the pots 1 2 full and three times completely full). Once the rat successfully retrieved the cheerio from the pots each time they were baited, it was transferred to the testing arena and given three consecutive trials to retrieve the reward from both sawdust-filled pots.
Day 2: Training Day
On the next day, animals were trained to complete a series of simple discriminations (SD), to a criterion of six Experimental schedule for the chronic unpredictable stress procedure, including the timing for the attentional set shifting and elevated plus maze tests. For rats subjected to chronic antidepressant drug treatment (experiment 2), osmotic minipumps were implanted 8 days before beginning the CUS procedure.
consecutive correct trials each. First, both pots were filled with the same medium (sawdust), and the bait paired with one of two odors (lemon vs rosewood). After reaching criterion, new unscented-pots were introduced, and the rat had to learn to associate the food reward with one of the digging media in the bowls (felt strips vs shredded paper). All rats were trained using the same stimulus exemplars, and in the same order. The positive and negative cues for each rat were randomly determined and equally represented. The training exemplars were not used again during testing.
Day 3: Testing Day
Following the training day, the animals were tested on a series of increasingly difficult discriminations (Table 2) . To proceed to the next stage, the rat had to reach a criterion of six consecutive correct trials. At each stage of testing, the discriminative stimulus dimension and the positive cue within that dimension were varied according to the contingency schedule shown in Table 2 . The first task was a simple discrimination (SD), similar to the training trials, involving only one stimulus dimension. Half the rats were required to discriminate between two odors, only one of which was associated with reward, with both pots filled with sawdust. For the other half, this first discrimination involved digging media, and the pots were unscented (for clarity, the remainder of this description will only consider the example beginning with odor discrimination). The second stage was then a compound discrimination (CD), in which the same discrimination was required (eg, odor), but the second, irrelevant stimulus was introduced. As in the SD task, only one odor was associated with reward and two different digging media were paired randomly with the odors. The third stage was a reversal of the previous discrimination (R1), in which the same odors and media were used, and odor was still the relevant dimension, but in these trials the negative odor from the previous stage was now positive (ie, associated with the reward), and the positive odor from the previous stage was now negative (no reward). The fourth stage was the first dimensional shift, in which all new stimuli (odors and media) were introduced. This task was an intradimensional (ID) shift because odor was still the relevant dimension and medium still irrelevant. The fifth stage was a reversal of this discrimination (R2), in which the previously negative odor was now positive, similar to R1. The sixth stage required an extradimensional (ED) shift, in which all new stimuli were again introduced, but this time the relevant dimension was also changed, for example, the digging medium became the relevant dimension and odor was now irrelevant. Finally, the seventh stage was another reversal (R3), in which the previously negative medium was now positive. The assignment of each exemplar in a pair as being positive or negative in a given stage, as well as the left-right positioning of the pots in the arena on each trial, were determined randomly in advance. As described above, half the rats were first presented with odor as the relevant cue, and for half the discrimination began with medium as the salient cue. Table 2 outlines the progression through these stages, and provides examples of the cue combinations used, beginning in this case with an odor discrimination, shifting to medium in the ED shift stage. The dependent measure in this procedure was the number of trials required to reach the criterion of six consecutive correct responses at each test stage (Trials to Criterion, TTC).
The Elevated Plus-Maze Test
The elevated plus-maze test was carried out as described previously (Cecchi et al, 2002a, b; Pardon et al, 2002) , on the day following the AST (see Table 1 ). Rats were transported to the testing room in their home cage, and allowed to acclimate for 15 min. Continuous background white noise (60 dB) was presented through stereo speakers in the room. The elevated plus-maze (Accuscan Instruments, Columbus, Representative example of stimulus pairs and the progression through the stages of the attentional set shifting protocol. In this example, odor was the initial discriminative stimulus dimension, shifting to digging medium in the ED stage. For each stage, the positive stimulus is in bold, and is paired randomly across trials with the two stimuli from the irrelevant dimension.
OH) consists of four white plastic arms, 10 Â 50 cm, oriented in the shape of a cross, intersecting at a 10 Â 10 cm platform in the middle. Fifty-one rats were randomly assigned to six groups (n ¼ 8-9/group) defined by chronic stress exposure (control or CUS), as well as three chronic drug conditions: vehicle, DMI or SCIT. Rats were anesthetized with a cocktail of ketamine 43 mg/ml, acepromazine 1.4 mg/ml, xylazine 8.6 mg/ml, 1.0 ml/kg, i.m., with a 25% supplement given as needed. Osmotic minipumps (model 2ML4, Alzet Corp., Palo Alto, CA), preloaded with either vehicle (10% ethanol in saline), DMI (Sigma, St Louis, MO) or SCIT (Forest Laboratories, Jersey City, NJ) at concentrations calculated to deliver 7.5 mg/kg/day of the free base for DMI and 10 mg/kg/day for SCIT, were implanted intraperitoneally via a ventral midline incision. Following surgery, rats were treated prophylactically with antibiotic (penicillin G, 300 000 IU/ml, 1.0 ml/kg, s.c.) and housed singly. On day 8, the CUS procedure was initiated as described in Experiment 1 (see Table 1 ). Also as described above, rats were placed on a restricted diet on day 17 of chronic drug treatment, then taken through habituation, training, and testing on the attention set-shifting test (day 24) and the EPM test (day 25). Rats were weighed every 3 days throughout the procedure. At the end of the experiment, rats were killed by rapid decapitation, and trunk blood was collected for analysis of plasma DMI and SCIT levels (assays conducted by Dr Martin Javors, Department of Psychiatry, UTHSCSA).
Data Analysis
During the attentional set-shifting test, the number of trials to criterion was recorded for each stage. In Experiment 1, AST data were analyzed by two-way ANOVA (stress Â stage), with repeated measures over stage. Where significant main effects or interactions were indicated, post hoc planned comparisons were made using the Newman-Keuls test. Results from the EPM were analyzed by Student's t-test. In Experiment 2, AST data were first analyzed by three-way ANOVA (stress Â drug Â stage), with repeated measures over stage. Significant main effects were analyzed by post hoc comparisons with the Newman-Keuls test. Following a significant three-way interaction, post hoc two-way ANOVAs (stress Â drug) were conducted for each test stage, after which further post hoc comparisons were made within stage using Fisher's LSD test. Results from the EPM in Experiment 2 were analyzed by two-way ANOVA (stress Â drug). To assess the effectiveness and impact of the CUS procedure, body weight data were analyzed by ANOVA, with repeated measures over time. Significance for all analyses was determined at po0.05. Any subject that failed to complete the training stages was eliminated a priori from subsequent testing on the AST, resulting in the elimination of 12 rats from an initial total of 85 (six each from experiments 1 and 2). However, subjects so eliminated from the AST solely for failure to train or complete all test stages were still tested on the EPM the following day, and their body weight data were also analyzed. Thus, they were included in the overall number of rats reported.
RESULTS
Experiment 1: Effect of Chronic Unpredictable Stress on Attentional Set-Shifting and Behavioral Reactivity on the Elevated Plus-Maze
There was no significant difference between groups for the number of trials required to reach criterion for the SD task on the training day (t 26 ¼ 0.823, p ¼ 0.42). Figure 1 shows the effects of CUS on the trials to criterion (TTC) for each stage of the AST on the testing day. Two-way analysis of variance (ANOVA) (stress Â task) with repeated measures over task revealed significant main effects of stress (F 1,26 ¼ 19.897, po0.001) and task (F 6,156 ¼ 9.277, po0.0001), but no stress Â task interaction (F 6,156 ¼ 1.027, p ¼ 0.41). For the main effect of task, post hoc comparisons showed that significantly more trials were required to reach criterion during R1, R3, and ED than in the other tasks (Figure 1 ). This is consistent with the relatively greater difficulty of the reversal and ED set-shifting tasks, as reported previously (Birrell and Brown, 2000; Lapiz and Morilak, 2006) . Post hoc analysis of the effect of Stress indicated that CUS induced a deficit in performance on the AST, manifest as a significant increase in trials to criterion specifically on the R1 and R3 reversals, and on the ED set-shifting task (Figure 1) . Figure 2 shows the effect of CUS exposure on anxiety-like behavior on the elevated plus-maze. CUS produced anxietylike reductions in open-arm exploration, indicated by significantly lower open-to-total ratio (OTR) values for both time (t ¼ 3.134, po0.005, Figure 2a ), and entries (t ¼ 3.150, po0.005, Figure 2b ). The CUS-induced reduction in open-arm exploration was not associated with reduced exploratory drive or locomotor activity, as there was no difference between groups in either total arm entries (t ¼ 0.605, p ¼ 0.5498, Figure 2c ), or closed-arm entries (t ¼ À1.3, p ¼ 0.203, Figure 2d ).
CUS significantly decreased the rate of body weight gain over the 18 day procedure (t ¼ 2.04, po0.001). Control rats gained 1.4770.25 g/day (mean7SEM), whereas the body weight of rats exposed to CUS changed very little (À0.0170.3 g/day).
Experiment 2: Effect of Chronic Antidepressant Drug Treatment in Preventing the CUS-Induced Alterations on Attentional Set-Shifting and Behavioral Reactivity on the Elevated Plus-Maze
Chronic drug treatment resulted in mean plasma DMI and SCIT levels of 183728 and 3474 ng/ml, respectively. These values are within clinically relevant therapeutic ranges (Perry et al, 1994; Nikisch et al, 2004) . There were no significant differences between treatment groups in trials to criterion for the SD task on the training day (F 1,39 ¼ 0.526, p ¼ 0.47 for Stress; F 2,39 ¼ 0.902, p ¼ 0.41 for drug).
For performance on the test day, three-way ANOVA (stress Â drug Â task) revealed a significant main effect of task (F 6,234 ¼ 14.77, po0.001), but not drug (F 2,39 ¼ 1.38, p ¼ 0.26) or stress (F 1,39 ¼ 0.42, p ¼ 0.52). However, there was a significant drug Â stress Â task interaction (F 12,234 ¼ 1.89, po0.05). As in Experiment 1, post hoc analysis of the task effect across groups showed the trials required to reach criterion on R1, R3, and ED to be significantly higher than on the other tasks (Figure 3) . Subsequent post hoc ANOVA for all task stages found a significant stress Â drug interaction only for the ED stage (F 2,39 ¼ 6.746, po0.003; Figure 4) . No other main effects or interactions were revealed on any other test stages. Post hoc planned comparisons for the ED stage showed that in vehicle-treated rats, as in experiment 1, CUS induced a significant performance deficit relative to unstressed controls (Figure 4 ). Chronic treatment with both DMI and SCIT prevented the CUS-induced deficit in ED cognitive setshifting. In addition, in non-stressed rats, chronic treatment with SCIT alone, but not DMI, impaired ED set shifting relative to vehicle-treated controls.
With respect to effects on the elevated plus-maze, ANOVA revealed a significant main effect of stress on OTR for both time (F 1,45 ¼ 10.63, po0.005) and entries (F 1,45 ¼ 6.35, po0.05), but no main effect of drug (F 2,45 ¼ 0.5, p ¼ 0.61 and F 2,45 ¼ 0.38, p ¼ 0.68, respectively). In replication of the effect seen in experiment 1, CUS induced an anxiogenic effect in vehicle-treated rats, indicated by a significant reduction in OTR for time (po0.05, Figure 5 ). The reduction in OTR for entries, although of comparable magnitude to that seen in experiment 1, did not achieve significance by post hoc comparison. In non-stressed rats, both drugs alone appeared to have modest, though non-significant anxiogenic effects, most notably for SCIT ( Figure 5 ). Most importantly, in Figure 1 Effect of CUS on cognitive performance on the attentional set shifting test. Significantly more trials were required to reach criterion on the R1, ED and R3 tasks (Main effect of Stage: *po0.05 compared to the other stages, collapsed across treatment groups; data expressed as mean7SEM, n ¼ 14/group). CUS produced a significant deficit in performance on the AST, manifest as a significantly higher number of trials to criterion on R1, ED and R3 ( + po0.05 compared to non-stressed controls on the same stage). White bars: unstressed controls; gray bars: CUS. (Figure 5a and b) . The effect of SCIT was less clear; in SCIT-treated groups, CUS still caused a decrease in openarm exploration comparable to that seen in vehicle-treated groups, but this was not a significant difference, possibly because of the reduction in baseline OTR caused by SCIT treatment alone in unstressed animals (see Figure 5a and b).
There was a significant effect of drug on both total entries (F 2,45 ¼ 4.41, po0.05) and closed arm entries (F 2,45 ¼ 4.35, po0.05), but no main effect of stress (F 1,45 ¼ 1.96, p ¼ 0.17 and F 1,45 ¼ 0.002, p ¼ 0.97, respectively). Although no individual comparison were significant by post-hoc analysis, this effect was apparently due to a modest reduction in locomotor activity seen only in rats subjected to CUS and treated chronically with DMI (Figure 5c, d) .
Analysis of the effects of CUS and drug treatment on body weight gain over time demonstrated significant main effects of stress (F 1,45 ¼ 14.77, po0.001) and time (F 5,225 ¼ 37.64, po0.001) , and an effect of drug that approached but did not achieve significance (F 2,45 ¼ 2.89, p ¼ 0.066). CUS significantly reduced body weight gain across drug treatment groups (5-10% difference between CUS and unstressed rats within drug treatment groups, Figure 6 ), similar in magnitude to effects reported previously (Willner et al, 1996) . There was a similar and parallel decrease in body weight in all groups during the week before AST testing, during which rats were subjected to food restriction (a decrease of 4-6% between days 10-17 of CUS treatment, Figure 6 ). Finally, rats treated chronically with SCIT tended to have higher body weight than their vehicle-treated counterparts in both the CUS-and non-stressed conditions ( Figure 6 ).
DISCUSSION
In this study, we found that CUS induced a cognitive deficit, manifest most consistently across both experiments as an increase in the number of trials to criterion in the extradimensional cognitive set shifting task. Along with the cognitive deficit, rats subjected to CUS also consistently displayed increased anxiety-like behavior on the elevated plus-maze. Further, we found that the cognitive performance deficit in attentional set shifting induced by CUS was prevented by chronic treatment with antidepressant drugs of two different classes, an SSRI (SCIT) and a selective NRI (desipramine). Chronic treatment with DMI also prevented Figure 3 Effects of chronic administration of DMI (7.5 mg/kg/day) or SCIT (10 mg/kg/day) treatment during CUS on attentional set-shifting performance. As in experiment 1, significantly more trials were required to reach criterion on the R1, ED and R3 tasks (Main effect of Stage: *po0.01 compared to the other stages, collapsed across treatment groups). There was also a significant drug Â stress Â task interaction (po0.05). Post hoc ANOVAs for each stage revealed a significant stress Â drug interaction only for the ED stage ( + po0.05). For clarity, subsequent post hoc analysis of this interaction effect on ED performance is illustrated in more detail in Figure 4 . All data are expressed as mean7SEM, n ¼ 6-8/group. Figure 4 Effects of chronic treatment with DMI (7.5 mg/kg/day) or SCIT (10 mg/kg/day) on the CUS-induced alterations specifically on ED setshifting performance. In vehicle-treated rats, as in experiment 1, CUS induced a significant deficit in ED set shifting. This effect was prevented by chronic treatment with either DMI or SCIT. Treatment with SCIT alone produced an increase in trials to criterion in unstressed rats (*po0.005 compared to vehicle-treated unstressed controls; + po0.05 compared to vehicle-treated rats subjected to CUS; # po0.01 compared to SCITtreated, unstressed controls; data expressed as mean7SEM, n ¼ 6-8/ group). White bars: unstressed controls; gray bars: CUS.
the CUS-induced increase in anxiety-like behavior on the plus-maze.
Major depression and anxiety disorders are associated with functional and morphological alterations in the prefrontal cortex and limbic system, along with symptoms reflecting, among other things, both cognitive dysfunction and anxiety (Brown et al, 1998; Mineka et al, 1998) . Clinical studies have shown that stressful life experiences are important etiological factors in the development and maintenance of depression and affective disorders (Kendler et al, 1995 (Kendler et al, , 1998 Kessler, 1997) , particularly associated with cognitive and emotional biases (Beck, 1976; Beck et al, 1987; Coles and Heimberg, 2002; Mathews and Mackintosh, 1998) . In the present study, CUS induced cognitive impairments in the AST on the stimulus reversal trials (experiment 1) and on the ED set-shifting task (replicated in both experiments). The ED set-shifting task in particular is a measure of cognitive flexibility. Subjects must utilize feedback from their environment to modify established patterns of behavior, recognizing that a previously learned set of rules is no longer valid, inhibiting behavioral choices based on those rules, then learning a new set of rules based on a new pattern of reinforcement (Birrell and Brown, 2000; Chen et al, 2004; Lapiz and Morilak, 2006) . This process of cognitive flexibility depends on the mPFC in rats, and the analogous dorsolateral PFC in primates, as lesions in these regions specifically impaired performance on ED setshifting (Birrell and Brown, 2000; Dias et al, 1996) . Deficits in such cognitive flexibility are detected on the WCST in human patients with dorsolateral prefrontal cortical lesions (Stuss et al, 2000) , and with a variety of neuropsychiatric disorders that involve deficits of mPFC functioning (Fossati et al, 1999; Goldstein et al, 2002) . Further, deficits in cognitive flexibility, resulting in perseverative perceptual, emotional, and memory biases have been suggested to be important in depression and anxiety disorders (Beck, 1976; Beck et al, 1987; Coles and Heimberg, 2002; Mathews and Mackintosh, 1998) .
The deficit in ED set shifting seen in the present study after CUS is consistent with a recent report , published as the current work was in preparation, in which a similar deficit in attentional set shifting was seen following repeated restraint stress, a model proposed to induce some of the pathological changes underlying affective disorders (McEwen, 2003; Reagan et al, 2004) . In addition to the cognitive deficit, Liston et al (2006) also reported that repeated restraint stress induced apical dendritic atrophy of prefrontal cortical pyramidal neurons, in replication of previous studies (Radley et al, 2004 . In these studies, dendritic atrophy and spine retraction Figure 5 Effects of chronic treatment with DMI (7.5 mg/kg/day) or SCIT (10 mg/kg/day) on the CUS-induced alterations in anxiety-like behavior on the elevated plus-maze. As in experiment 1, CUS caused a reduction in open-arm exploration, seen as a significant decrease in OTR for time (a: *po0.05 compared to vehicle-treated unstressed controls). The CUS-induced reduction in OTR for entries was comparable to that in experiment 1, but did not achieve significance by post hoc analysis (b). In addition, there was a slight reduction in locomotor activity, measured by total entries or closed-arm entries, seen only in DMI-treated rats subjected to CUS (c and d) (data are expressed as mean7SEM n ¼ 8-9/group). White bars: unstressed controls; gray bars: CUS.
following chronic restraint stress was restricted to the most apical dendrites of the pyramidal cells, where monoaminergic neurotransmission, specifically 5HT acting at 5-HT2A receptors and NE acting at a 1 -adrenergic receptors, induces excitatory potentials in pyramidal cells through facilitation of glutamatergic input from thalamocortical afferents (Marek and Aghajanian, 1999) . Thus, in the present study, it is possible that CUS may have induced monoaminergic facilitation of stress-related glutamate neurotransmission, which in turn may have led to excitotoxic damage in the apical dendritic field of cortical pyramidal cells, resulting in the observed cognitive deficit. A potential role for monoaminergic facilitation in the mechanisms underlying the cognitive deficit is currently under investigation.
However, even if monoamine-related mechanisms are not involved directly in the cellular pathology that develops in mPFC after chronic stress, such a localized loss of synapses in a region of the pyramidal cell dendritic tree that is normally modulated by monoaminergic afferents may explain in part the deficit of cognitive functioning, and specifically the deficit in ED set shifting induced by CUS. We have shown previously that ED set shifting was enhanced by elevating noradrenergic tone in mPFC, through activation of a 1 -adrenergic receptors (Lapiz and Morilak, 2006) . In another study, ED set-shifting was disrupted specifically by selective deafferentiation of NE terminals in rat mPFC (Eichenbaum et al, 2003) . Thus, a chronic stress-induced loss of the pyramidal cell dendrites and synapses that are normally targeted by noradrenergic facilitatory inputs may account for the decrement observed in cognitive performance following CUS.
Serotonin also facilitates glutamate transmission at pyramidal cell dendrites in mPFC (Marek and Aghajanian, 1999) , but the potential influence of serotonin on cognition is less clear. Destruction of cortical serotonergic projections or depletion of 5-HT produced deficits in reversal learning, rather than cognitive set shifting (Clarke et al, 2005 (Clarke et al, , 2007 Nomura, 1992) . Reversal learning appears to be related more to the function of orbitofrontal cortex rather than medial prefrontal cortex (Clarke et al, 2007; McAlonan and Brown, 2003) . In the present study, this may account in part for the inconsistent effects of CUS seen on stimulus reversal trials . It has been suggested that reversal of spatial learning in the Morris water maze may be impaired by CUS (Hill et al, 2005) . However, by contrast with the effects on ED set shifting and morphologic changes seen in mPFC after repeated restraint stress, Liston et al (2006) reported no effects on reversal learning and no morphological changes in orbitofrontal cortex. Thus, it is possible that the CUS treatment in the present study may have induced inconsistent and/or modest changes in endogenous serotonergic activity specifically in orbitofrontal cortex.
However, elevating serotonergic function pharmacologically by chronic treatment with SSRIs improved the dysregulated cerebral blood flow and metabolic activity seen in mPFC of depressed subjects (Kennedy et al, 2001) , consistent with the observation that SCIT prevented the CUS-induced deficit in ED set shifting in the present study. Thus, there must be some convergence of effect of SSRI and selective NRI treatment in improving mPFC function. One possible mechanism may involve the demonstrated interactions between the serotonergic and noradrenergic systems, as chronic administration of either SSRI or selective NRI drugs modulates the activity of both (Szabo and Blier, 2001; Szabo et al, 2000) . In addition, both SSRI and selective NRI treatment may increase dopamine neurotransmission (reviewed in Morilak and Frazer, 2004) , and dopamine has also been shown to enhance ED set shifting in mPFC (Ragozzino, 2002; Tunbridge et al, 2004 ). An increase in dopaminergic function might also contribute to the beneficial effect of chronic antidepressant treatment on measures of anhedonia induced by chronic mild stress (Bonhomme and Esposito, 1998; Willner, 1997; Willner et al, 1994) . Moreover, the dopamine agonist, apomorphine, also increased open arm exploration on the elevated plusmaze, an effect that was attenuated by D2 dopamine receptor blockade (Garcia et al, 2005) .
In addition to the cognitive deficit, CUS exposure also produced a consistent increase in anxiety-like behavior on the elevated-plus maze, seen as a decrease in open-arm exploration. As in our own previous work and that of others (eg, Griebel et al, 1997; Hata et al, 2001; Khoshbouei et al, 2002) , OTR for time was found to be the more consistent and reliable measure of open-arm exploration, and a more sensitive indicator of anxiogenic response to CUS, but similar effects were also seen with OTR for Entries. This combined effect of a decrease in cognitive capability, in particular cognitive flexibility, together with a basal state of anxiety-like behavior induced by CUS is consistent with the changes in cognition and anxiety seen in major depressive disorder. Indeed, anxiety is a prominent component of depression, and anxiety disorders are frequently comorbid with major depression (Gorman, 1996 (Gorman, /1997 Mineka et al, 1998) . Thus, understanding the mechanisms by which CUS induced both a cognitive deficit on the AST and anxiety-like Figure 6 Body weight gain over the course of CUS treatment and behavioral testing. CUS reduced the rate of body weight gain over the course of treatment, resulting in a 5-10% difference in weight gain in each drug group (*po0.001 CUS compared to non-stressed rats across drug groups). There was a similarly modest (4-6%) and parallel decrease in body weight in all groups during the week before AST testing, during which rats were subjected to food restriction ( + po0.001 day 10 compared to days 1 and 17 across groups). Data are expressed as mean percent of pretreatment starting weight7SEM (n ¼ 8-9/group).
behavior on the elevated plus-maze may help us to better understand the mechanisms by which chronic or severe life stress may contribute to the development of both depression and anxiety disorders.
By contrast with the prefrontal cortex, where repeated stress induced dendritic atrophy, the opposite response, including dendritic hypertrophy and increased dendritic elaboration has been observed in the extended amygdala, specifically in the bed nucleus of the stria terminalis (Vyas et al, 2003) . This may explain the increase in stress-induced anxiety-like behavior on the elevated plus-maze, as we and others have shown such behavioral responses to involve the extended amygdala, in particular the lateral bed nucleus of the stria terminalis (Cecchi et al, 2002a; Davis and Shi, 1999) . Further, behavioral reactivity on this test was shown to be facilitated specifically by an acute stress-evoked increase in the release of NE, rather than by basal noradrenergic tone (Cecchi et al, 2002a) . Thus, chronic NE reuptake blockade may have attenuated the anxiety-like behavioral activity observed on the plus-maze following CUS by reducing phasic stress-evoked noradrenergic reactivity (Szabo and Blier, 2001; Szabo et al, 2000; Valentino et al, 1990) .
The results of numerous preclinical experiments testing the effects of 5-HT-related drugs in general, and SSRIs in particular, in various animal models of anxiety have been equivocal at best (see Griebel, 1995; Griebel et al, 1997; Handley, 1995) . In the elevated plus-maze and related tests (eg, social interaction), both acute and chronic treatment with SSRIs have typically had no effect, or have had anxiogenic effects (File et al, 1999; Silva and Brandão, 2000) . Thus, it is perhaps not surprising that chronic SCIT treatment did not prevent the CUS-induced increase in anxiety-like behavior on the plus-maze in the present study, nor that SCIT treatment alone had a modest anxiogenic effect. As SSRIs are clearly effective in treating human anxiety, one obvious implication from this literature, as well as the present study, is that many commonly used assays of anxiety-like behavior in rats are not valid models of human anxiety disorders that are responsive to SSRI treatment (eg, see Handley, 1995; Handley and McBlane, 1993) .
A more subtle interpretation, however, is that the anxiolytic effects of chronic SSRI treatment may in fact be attributable more to their effects on cognitive or perceptual processes that might lead to a disproportionate or inappropriate subjective feeling of distress and anxiety in the absence of an appropriately threatening stimulus (see Beck, 1976; Coles and Heimberg, 2002; Mathews and Mackintosh, 1998) , rather than any effect they may exert on the presumably appropriate and adaptive behavioral responses to acute stressors that are measured in most animal models of 'anxiety' (Handley and McBlane, 1993) . It would thus be useful to be able to adopt an animal model of anxiety in which the behavioral response was not adaptive (as it is in such models as the elevated plus-maze, defensive burying or social interaction tests), but rather was seen as pathological and inappropriate to the context. If such a model could be developed, which might include a perceptual or interpretive cognitive component, it might better detect the anxiolytic effects of SSRIs than those models of anxiety-like behavior currently used.
In the present study, antidepressants were given before and during the CUS treatment. For many patients, depression becomes a chronic condition with relapse occurring in over half (Keller and Boland, 1998) . Long-term preventive maintenance of antidepressant treatment reduces the chance of recurrence by two-thirds (Geddes et al, 2003) . Approximately 60% of such patients are at risk of experiencing a recurrent episode of depression within a year if left untreated, whereas those who continue antidepressant treatment have a recurrence rate of only 10-30% (see Hirschfeld, 2001 ). This beneficial treatment effect is similar across different classes of antidepressants, including SSRIs and selective NRIs. Thus, it is important to consider the mechanisms underlying the potentially beneficial effects of prophylactic antidepressant treatment for recurrent depression. In the present study, chronic treatment with either DMI or SCIT prevented the CUS-induced cognitive deficit in ED set-shifting, and chronic treatment with DMI also prevented the stress-induced anxiety-like reduction in open-arm exploration on the EPM. It is possible, then, that the beneficial effects of long-term maintenance therapy are related to the beneficial effects of antidepressant drugs on cognitive function and/or state anxiety.
In conclusion, these results show that CUS produces a cognitive deficit in rats similar to that seen in patients with major depressive disorder, as well as a state of anxiety that also occurs in depression. Furthermore, pretreatment with a representative drug from the selective NRI class of antidepressants prevented both the cognitive and anxietylike behavioral alterations caused by CUS. Pretreatment with a representative SSRI prevented the cognitive deficit, but its effect on anxiety was, perhaps surprisingly, less clear. The CUS model, therefore, should prove useful for further investigation of the neurobiological mechanisms underlying cognitive and behavioral consequences of chronic stress exposure that may be important in the development of depression and anxiety disorders, as well as mechanisms that may account for the beneficial effects of chronic antidepressant drug treatment for stress-related psychiatric disorders Lundbeck A/S, Cyberonics, Inc. Grant Support: Eli Lilly and Co., Forest Labs, Cyberonics, Inc., Servier; David Morilak: Advisory boards: Eli Lilly and Co., Sanofi-Aventis Grant Support: Servier.
